Objechtx The aim of this study HOW lo analyze the relation between anomalies of the heart and aortic arch arteries in near-!erm rat felures exposed to the chemical bb~diamine.
right duclw arteriosus to 12 (18%) and agenefic ductusin 4 (6%). The cross-sectional area of the ductus, as corrected by that of the nortic isthmus, war abnormally small in 47 rntr (72%). The ral fetuses with a septal defect or abnormal myocardtl architfflure, or both, urually had a small ducbs; it was vrr~ small or absent in those fetu.w with tetralogy of Fallol. Of the four fetuses with truncas arlrriosas, two ha< a vesligial vawutalure on the lruacas root and three had a rudimentary infundibulum.
Conc/usions. The card&l defect may be the anomalous and reduceddevelopment of the&h arch arteries, which by hpostng ~reswre overload on lhe Rlat right ~cnliick, may have lad to either or both the persistence o&mricular seplal deferC as a vent or the formation of myocardiat architecture favorable for the generation of prersure in lha rigbl ventrtete.
(J Am Co11 Cardid 1993;21:758-76) ductus arteriosus, in the manner demonstrated in WKll NCrj rats. Thus, we examined the abnormalities of the heart and great arteries quantitatively in a three-dimensional setting and analyzed the relation between them. In addition. we examined the abnormalities of myocardial fiber architecture; siudies nn WKYINCrj rats have also suggested that thcsc abnormalities might predispose to postnatal development of muscle fiber disarrangement similar to that seen in hypertro. pbic cardiomyopathy (Y-12).
Methods
SluCy animals. We used normal IDwcck old Wistar rats from Shimizu Jikken-Zairyo. They were mated overnight and pregnancy was confirmed by identifying sperm in the vaginal smear the next morning. The day of identification was considered day zero of gestation. A single dose of 200 mg of bis (dichloroacetyl) diamine (SIGMA Chemical) in a I-ml aqueous suspension of I% gum tragacanth was orally administered through a gastric tube to tive pregnant rats in the evening of day I I of gestation. The results were cornpared with those in the Wistar rat fetuses with no treatment used as a normal controt gzoup for WKYMCrj fetuses m the previous studies (9,10), in which the sire and pregnant Tats were raised under the same feeding and air conditions as in hean is rotated clockwise and its long axis is deviated towerd the plane perpendicular to the dewending aor& The heart had tctmlogy of Fallot ( Fig. 20 .
the present study and did nol produce feruses with cnrdiovascular anomalies. Proto&. With the mother rats under urethane an,srhesia, 27 fetuses from two litters and 38 fetuses from three litters were removed from the uterus on day 19 and day 21 of gestation, respectively. The placenta and umbilical cord were removed simultaneously so that bleeding from the cord would not affect the size of the hean and vessels. Thefeluscs were then Immersed in I&% formalin maintained at 18" to 20°C to tix the hearts and vessels with a minimal influence of temperature on contractile stste. Fetuses obtained on day 2 I were immersed in formalin after wide incision of the Ihorw.. abdominal wall and diaphragm to fix the ductus arteriosus before its physiologic constriction (91.
The heart and great arteries were disseckd out together (Fig. I) . and their gross anatomy was examined qualitatively and quandruively under a dissecting microscope, as previously described in deta;! (91. The area of the ventricular septal defect and pulmonary outflow tract was determined from their major and minor diameters; the thickness of the left vemricular free wall, ventricular scprum and right ventricular free watl was measured by means of an eyepiece micrometer.
The bgree to which the middle latitudinal muscle bundle of the ventricular septum is continuous whh the right or left ventricular free wall in the transverse plane of the heart was estimated semiquantitatively in the same way. i'he continuity of the sepml lathudinal muscle bundle in both the ventral (anterior) and the dorsal (posterior) junctions was scored from -2 (strongly continuous with the right ventricular free wall) IO +2 (strongly continuous with the left ven!ricular free wall), and the convexity of the septal latitudinal muscle bundle was also scored from -2 (strongly convex toward the left) to +? (strongly convex toward the I::ht): thus, the total score ranged from -6 IO +6.
The cross-sectional area of the ductus arteriosus and the aortic isthmus at their junction was determined IO estimate the Row impedance through the extracardiac outflow tracts from Ihe right and IeR venlricles. We derermined the duciusl sonic isthmus ratio IO properly estimate the relation in size between !hese two structures because the area values, even if corrected by body weight raised to two thirds rwer, tended IO be exaggerated when the body weight was small (9). At the same gestational age, the fetuses of the treated rats had a significantly smaller body weight than that of the fetuses of ih; nontreated rats.
Statistical analysis. Data were expressed a? mean value ? SD. Individual values of experimental groups were judged to be abnormal when they were outside the mean k 2 SD of values for the aforementioned nontreated W&u rat fetuses (9.10). Mean values of two groups were compared by Studenr I et or Welch-Aspin t test (13, as appropriate.
Comparison of incidence between two groups was tested by Fisher exxt pmbability test.
ReSUkS Hearts. A ventricular reptal defect was found in 26 rat
Cetuscs (4%) ( Table I) . Right ventricular view showed it to be of the perimembranous type ( Fig. 2. C to E). When viewed from the arterial side, Ihe septal defect was subaortic, with the ventricular septum being deviated lefiward and overrIdden by the aorta (Fig. 2F) . Founeen fetuses had a relatively large septa! defect associated with an abnormally narrow pulmonary outflow tract accompanied by ventrorosrrally deviated well developed muscular bands in seven agenesis of the valve was present in one fetus (Fig. 2F) . the valve had one or two cusps in three fetuses (Fig. 3A) and three cusps of nonuniform size or with marked distortion were present in four fetuses. Thus, 14 feruses with a large ventricular scptal defect, overriding aorta aod pulmonary or subpulmonary valve stenosis (or both) were diagnosed as having tetralogy of Faflot. Althoug;. -St vcatricukr hyper-, trophy was slight in the treated fetuse, ,Llble 2), it would be expected to progress rapidly efter birth beeadse of the drastic hemodynamic changes that occur in the presence of lhese anomalies (8.9).
Four rat fetuses (6%) had a large ventricular septal defect associated with truncus aneriosus (Fii. 4, Tables 1 and 3 ).
The position and shape of the septal defect were similar to those in telralogy of Faliot when the defect was viewed from both the tight verrtricle and the truncus side, with the truncus overriding the ventricular septum ( Fig. 2 and 4 ). There was a rudiment of the right ventricular infundibulum in three hearts with tnmcus arteriosus (Fig. 4, D and E) . The truncus arose from the left ventricle (Fig. C) as did the large aorta in tetralogy of Fallot (Fig. 28) (Table 3) . The heart weigh&@ weight ratio and the foramen ovate also tended to be abnormal in the fetuses of the bis-diaminetreated rats (Tables 2 and 3) .
Faurth aortk arch arteries. The aortic arch was double in four and right-sided in two fetuses (Fig. 6, A to D) ; one of the latter two had an aberrant left subclavian attery continuous with a left ductus. The right subckvian artery was aberrant in eight fetuses (12%); it was associated with truocus arteriosus in one, with agenesis of the &rctus in two (Fig. 2, A and  B) and was continuous with a right ductus in five (Fig. 6, E  and F) .
Sixth aortk arch art&s. The ducks arteriosus (distal portion of the sixth arch artery [17] ) was abnormally small when compared with the aortic isthmus in 47 (72%) of the fetuses of the treated rats (Fig. I, Table I ) and had a significantly smaller mean value in the fetuses of the treated rats than in the fetuses of the nontreated rats ( Table 2 ). The ductus was right-sired in 12 rats (18%); it wus continuous with a right aortic arch in S (Fig. 6 , A to Cl. with the right subclavian artery in 2 (Fig. I, C and D) and with an aberrant tight subclavian artery in 5 ( Fig. 6. E and F) . The right-sided ductus tended to be very small. particularly when it was continuous with a tight subclavian ariery (Table 3) . Bilateral ductus was not ssen. Apart from fetuses with truncus anetiosus. the ductus was absent on both sides in four fetuses ( Fig. 2A) . The pulmonary ttunk and ring were markedly hypoplastic in seven fetuses (11%). and each also bad a markedly hypoplastic or agenetic ductus, alurge aorta and tetnlogy of F&t ( Fig. IC and 2 
.4). The bypoplastic pulmonary trunk was consistently continuous with a hypoplastic right ventricular infundibulum (Ftg. 2, C to E). and it bad no communication with the ascending aorta.
Four rats had truncus arteriosus with a left wnic arch. In Fig.  4A) . The left main pulmonary artery originated from the cauda1 side of aortic arch segment in one fetus (Fig. 6A) and from the left lateral side of the pulmonary trunk in three (Fig.  6F) ; three others had a single artery that diverged caudally front the pulmonary trunk and then gave oif the righht and left main pulmonary arteries, just as the pulmonary compc\lents diverged from the tmncus arteriosus shown in Fig. 4A .
Whether it was an isolated abnormality or was associated with other aortic arch anomalies, the ductus arteriosus was small when the fetus had ventricular septaf defect, a narrow pulmonary outflow tract, pu!monary valve dysplasia, a wide foramen ovale or abnormal myocardial architecture (Table  3) ; in particular, ills ductr; was very small or absent when tetraiogy of Fallot was present, except in one fetus whose left main putmonzv artery diverged from the aortic arch (Fig. 4A) .
Discussion
Although fetuses from the same litter must have been exposed to the same teratogen at the same time, various cardiovascular anomalies developed in manifold combination in these fetuses. The alternative explanation is that there were muitiple points of action or that a simple common process underlay their development. The vulnerable period is from day 8 to day 12 of gestation (I-S), which just precedes or partly overlaps the foitowing process. Orifice pairs of the fourth and sixth arch arteries appear in order in the aonic sac on day 11, the sixth pair fusing soon thereafter (U'I). The fusion of the ridges in the aortic sac and the embryonic ~runcus urteriosus leads to the aorticopulmonary septation before day 13; the pulmonary side and the already fused pair of the proximal portion of the sixth arch artery form the pulmonary trunk and ring (2). The canal septation is then comoleted I dav later f2Ok 1~ urevious studies II to 5). the treatment of mother rat; on day; 8 to 1 I caused a28% h lW% incidence of truncus arteriosus; the much lower incidence of truncus in the current study may be due to a later treatment on day I I .5.
We first clarified quantitatively in the mi fetuses exposed lo his-diamine that there was a serial variation of anomalies of the ductus ruteriosus, ranging from mild hypoplasia and right-sidedness to agenesis. This spectrum may include the pulmonary trunk and ring. The tnmcus arteriosus with pulmonary supply solely by way of a ductus has been suggested to be caused by disappearance of the proximal portion of the sixth aortic arch arteries that was once present (l&19). Moreover, if we suppose that a similar developmental arrest and subsequent regression occurred in the proximal portion of the sixth arch arteries with no distal p&on (see Fig. 2A ). we can easily imagine that the result would be so-called lype 1 tmncus arteriosus. The vest&al vasculature on the truncus foot (Fig. 4AI seems to support this 2) reported that in all fetuses exposed to his-diamine during days 9 and 10, the position and shape of the sixth arch orifice were definitely abnormal and the truncal ridges were hypoplastic with no fusion when observed during days I.7 to 14 with a scanning electron microscope.
Tetrzdagy of Fahot is often associated with anomalies of the aonic arch system in humans (23). dogs (24) . chicks (25) and rats (9). In the present rat fetuses, tetralogy was almost always associated with a small or absent ductus. sometimes together with a right or a double-aortic arch. showing a close resemblance tothat seen in WI:Y/NCi rats (9) ( Table I ). An effect ofhemodynamic status in cardiogenesis has long been suspected (26) . In this regard. the previous study on WKYi NCj rats (9) has suggested that petimembranous ventricular septal defect may persist as a vent of high pressure from the right ventricle to the auna due ID an increased impedance through a small ductus, thereby leading to a leftward deviation of the ventricular septum with overriding of the aorta, narrowittgof the pulmonary outtlow tact and enlargement of the sonic isthmus. This speculation is supported by experimental results in which mechanical intervention of the extracardiic (27, 28) 
